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Samples  of  cubic*  Zr02  containing  up  to  almost  10  atomic  percent 
cobalt  were  prepared  by  codecomposition  of  the  nitrate.  Magnetic 
susceptibility  measurements  confirmed  the  limit  of  solubility  and  the 
presence  of  the  cobalt  as  Co(II).  The  reduction  of  the  cobalt  inserted 
in  cubic  zirconia  took  place  at  a  considerably  higher  temperature  than 
bulk  cobalt  oxide,  x 

MATERIALS  INDEX:  Cobalt  stabilized  cubic  ZrOg. 


Introduction 

^ Cubic  Zr02  samples  containing  some  transition  metal  oxides  including  rhodium 
oxide  (1),  iron  oxide  (2),  chromium  oxide  (3)  and  nickel  oxide  (4)  were  studied 
previously  in  this  laboratory.  -  Their  structures,  magnetic  properties  and  the 
stabilities  towards  reduction  have  been  studied. .  There  is  little  published  data 
concerning  the  properties  of  the  members  in  the  cobalt  oxide-zirconium  oxide 
system.  Structural  studies  of  the  supported  Co(II)/Zr02  catalysts  were  carried 
out  by  Bettman  and  Yao  f5,  6).  Their  samples  were  prepared  by  incipient  wetness 
methods  and  the  crystal  structure  of  the  products  indicated  the  presence  of 
'monoclinic  ZrOg.  Previous  work  has  indicated  that  the  presence  of  monoclinic 
ZrOg  is  characteristic  of  an  absence  of  reaction  between  the  ZrCb  support  and 
the  catalyst. n 

'Vlt  is  the  purpose  of  this  work  to  investigate  the  formation  of  solid 
solution  between  ZrC>2  and  cobalt  oxide  and  to  study  the  magnetic  properties  of 
such  a  system.  In  addition,  the  stability  towards  reduction  of  cubic  ZrCb 
samples  containing  various  concentrations  of  reacted  cobalt  oxide  will  be 
determined. 
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Experimental 

Bulk  cobalt  oxide  samples  were  prepared  by  decomposition  of  Co(N0j)3*9H20. 
The  nitrate  was  dissolved  in  water  and  dried  at  150°C  for  12  hours.  The  samples 
were  then  ground  and  decomposed  at  temperatures  ranging  from  500°C  to  800°C. 
X-ray  analysis  of  the  final  products  indicated  the  formation  of  C03O4. 
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Zirconium  oxide  samples,  containing  various  percentages  of  cobalt,  were  prepared 
by  dissolving  the  desired  quantity  of  analyzed  cobalt  nitrate  Co(N03)3*9H20  with 
appropriate  amounts  of  Zr0(N03)2.  Two  ml  of  water  were  added  for  each  millimole 
of  total  nitrates.  The  solution  was  then  dried  at  150°C  for  12  hours  and  the 
product  was  ground  and  heated  at  500 °C  for  24  hours.  Some  samples  were  then 
subsequently  heated  at  elevated  temperatures  between  500-800°C.  In  order  to 
ascertain  the  temperatures  for  complete  decomposition  of  the  nitrates, 
preliminary  decomposition  experiments  were  carried  out  in  a  Cahn  system  113 
thermal  balance. 

X-ray  powder  diffraction  patterns  of  the  samples  were  obtained  using  a 
Philip|  diffractometer  and  monochromated  high  intensity  CuKaj  radiation  (X  = 
1.5405A).  For  qualitative  identification  of  the  phases  present,  the  diffraction 
patterns  were  taken  in  the  range  12°  <  29  <  80°  with  a  scan  rate  of  1°  29/min 
and  a  chart  speed  of  30  inches/hr.  The  scan  rate  used  to  obtain  x-ray  patterns 
for  calculation  of  cell  parameters  was  0.25  29/min  with  a  chart  speed  of  30 
in/hr.  Cell  parameters  were  obtained  from  a  least  squares  refinement  of  the 
data  with  the  aid  of  a  computer  program  which  corrected  for  the  systematic 
experimental  errors. 

Magnetic  susceptibilities  were  measured  using  a  Faraday  balance  at  a  field 
strength  of  10.4  kOe.  Honda-Owens  (field  dependency)  plots  were  also  made  and 
all  magnetic  susceptibility  data  were  corrected  for  core  diamagnetism.  Magnetic 
susceptibility  measurements  were  made  from  liquid  nitrogen  temperature  to  315K. 

"emperature  programmed  reductions  were  carried  out  in  a  thermal  balance 
equipped  with  a  magnet  (7) .  The  weight  of  the  sample  was  determined  using  a 
Cahn  electrobalance  (model  RG)  alternately  in  a  magnetic  field  gradient  and 
without  the  magnetic  field  gradient.  The  temperature  was  measured  by  a  type  S 
thermocouple  which  was  positioned  just  below  the  sample.  This  technique 
combines  magnetic  measurements  with  thermogravimetric  analysis  and  is  very 
sensitive  to  the  appearance  and  growth  of  a  magnetic  phase  during  the  reaction 
(7).  An  85%Ar/15%H2  mixture  was  predried  by  P2O5  and  passed  at  a  rate  of  60 
ml/min  into  the  TGA  balance.  The  samples  were  heated  at  50°C  per  hour. 

Results  and  Discussion 

Bulk  samples  of  cobalt  oxide  were  prepared  by  the  decomposition  of 
Co(N03)3*9H20  at  temperatures  ranging  from  500°C  to  800°C.  X-ray  diffraction 
analysis  of  the  products  indicated  the  presence  of  a  single  phase,  namely  C03O4. 
In  order  to  analyze  any  deviation  from  stoichiometry,  temperature  programmed 
reduction  was  carried  out  by  thermogravimetric  analysis.  The  weight  change  in 
the  process  of  T.P.R  occurs  between  230°  and  320°C.  The  total  observed  weight 
change  is  26.6%,  whereas  the  calculated  weight  change  of  the  reduction  of  C03O4 
to  cobalt  metal  is  26.5%.  These  results  indicate  that  the  composition  of  bulk 
cobalt  oxide  prepared  under  these  conditions  is  C03O4. 

Samples  of  the  cobalt-zirconium  oxide  system  were  prepared  by  the 
codecomposition  of  CofNC^^.gibO  and  Zr0(N03)2-  X-ray  analyses  of  products 
containing  varying  compositions  are  given  in  Table  1.  All  of  the  products 
reported  in  Table  1  were  prepared  at  500°C. 
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Decomposition  of  pure  zirconyl  nitrate  resulted  in  the  formation  of 
tetragonal  Zr02  containing  a  small  quantity  of  monoclinic  Zr02.  For  the  samples 
prepared  by  codecomposition  of  the  nitrates,  x-ray  analysis  indicated  that  Zr02 
crystallized  with  a  cubic  structure  even  when  only  5  atomic  percent  of  cobalt 
was  introduced  into  the  ZrC>2.  This  is  consistent  with  previous  reports  (8)  that 
the  stabilization  of  cubic  ZrC>2  requires  the  presence  of  a  solid  solution  with 
cobalt  oxide.  Products  containing  up  to  10  atomic  percent  of  cobalt  showed  no 
evidence  of  bulk  cobalt  oxide  in  the  x-ray  diffraction  patterns.  However,  it 
can  be  seen  from  Table  1  that  there  is  a  decrease  in  the  cell  parameter  of  the 
cubic  Zr02  phase  which  is  consistent  with  an  increase  in  the  cobalt  content  of 


TABLE  1 

IDENTIFICATION  OF  PHASES  FORMED  IN  THE  Co(II)/Zr02  SYSTEM 


Composition  (at?6  Co) 

Phase(s) 

X-ray  Parameters 

a 

c/a 

Zr02  =  0 

Tetragonal  ZrC>2 
plus  small  amount 
amount  monoclinic  ZrC>2 

5.081(3) 

1.02 

Co/ (Co+Zr)  =  5 

Cubic  ZrC>2 

5.086(3) 

Co/(Co+Zr)  =  10 

Cubic  Zr02 

5.072(3) 

Co/(Co+Zr)  =  15 

Cubic  Zr02  +  C03O4 

this  phase.  When  attempts  were  made  to  prepare  cubic  zirconium  oxide  containing 
15  atomic  percent  cobalt,  bulk  C03O4  was  evident  in  the  x-ray  diffraction 
patterns.  The  limit  of  solubility  of  cobalt  in  Zr02  is  therefore  below  15 
percent. 

A  sample  of  Zr02  containing  5  atomic  percent  cobalt  was  heated  to  600°,  700° 
and  800°C.  The  cubic  zirconium  oxide  remains  stable  at  600°C  but  at  700°C  lines 
of  C03O4  and  tetragonal  Zr02  appear  in  the  diffraction  patterns  of  te  products. 
Finally  the  monoclinic  structure  is  obtained  as  the  temperature  is  raised  from 
700°  to  800°C. 

The  reciprocal  magnetic  susceptibility  versus  temperature  data  for  bulk 
C03O4  (i.e.  Co(II) [00(111)2)04)  is  given  in  Fig.  1.  The  sample  measured  has  a 
moment  of  4.8  BM  per  Co(II),  since  low-spin  Co(III)  is  diamagnetic.  This  is 
consistent  with  the  value  reported  in  the  literature  (S')*  Strong  spin-orbit 
coupling  is  a  characteristic  of  Co(II),  which  usually  does  not  show  a  spin-only 
moment. 


Magnetic  measurements  were  also  made  on  zirconium  oxide  samples  containing  5 
and  10  atomic  percent  cobalt.  These  measurements  were  made  as  functions  of  both 
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Fig.  1.  Reciprocal  magnetic  susceptibility  versus  temperature  data 
for  bulk  C03O4  heated  at  500°C  for  24  hours. 


field  and  temperature.  All  samples  showed  paramagnetic  behavior  and  have  no 
field  dependency  at  either  room  temperature  or  liquid  nitrogen  temperature.  The 
results  of  the  magnetic  measurements  are  plotted  in  Fig.  2  as  reciprocal 
susceptibility  versus  temperature.  The  measured  paramagnetic  moment  for  the 
sample  containing  5  atomic  percent  cobalt  is  4.8  BM  and  hence  all  of  the  cobalt 
present  is  Co(II).  The  measured  value  for  the  paramagnetic  moment  per  cobalt 
ion  of  the  sample  containing  10  atomic  percent  cobalt  is  4.4  BM  which  may 
indicate  the  coexistence  of  a  small  quantity  of  bulk  C03O4.  Additional  evidence 
to  substantiate  these  results  follow  from  the  TPR  studies. 

The  temperature  programmed  reduction  studies  were  carried  out  in  a 
85%Ar/15%H2  atmosphere  using  a  thermomagnetic  balance.  The  onset  of  reduction 
was  detected  by  the  difference  in  sample  weight  with  and  without  a  magnetic 
field  gradient  and  arises  from  the  ferromagnetism  of  cobalt.  In  the  case  of 
bulk  C03O4,  cobalt  metal  begins  to  form  at  270°C  (Fig.  3),  and  the  sample  with  5 
atomic  percent  cobalt  in  ZrC>2  begins  to  reduce  at  S40°C.  The  stability  of 
cobalt  oxide  towards  reduction  is  therefore  greatly  increased  by  forming  solid 
solution  with  zirconium  oxide. 

TPR  of  the  sample  containing  10  atomic  percent  cobalt  indicated  that  there 
were  two  kinds  of  cobalt  present  in  the  sample  (Fig.  3).  Most  of  the  cobalt  was 
reduced  above  500°C  whereas  a  small  amount  of  the  cobalt  began  to  reduce  at 
280°C.  Therefore  most  of  the  cobalt  has  been  inserted  into  the  ZrCb  but  a  small 
amount  remains  as  bulk  cobalt  oxide.  This  is  consistent  with  the  observed 
decrease  of  the  paramagnetic  moment  for  the  10  atomic  percent  sample  compared  to 
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Fig.  2. 
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Variation  with  temperature  of  the  weight  change  caused  by 
the  application  of  a  magnetic  field  gradient  during  the 
temperature  programmed  reduction  of  bulk  C03O4,  5  and  10 
at*  Co(I I) /ZrO->  in  35 %  Ar/lS’ilb. 


that  obtained  for  the  5  atomic  percent  sample.  The  maximum  solubility  of  cobalt 
oxide  in  zirconium  oxide  is  therefore  determined  to  be  slightly  lower  than  10 
atomic  percent.  It  appears  that  codecomposition  of  the  nitrates  results  in 
phases  which  contain  cobalt  (up  to  almost  10  atomic  percent  cobalt)  as  an 
integral  part  of  the  phase.  However,  it  is  only  at  15  atomic  percent  that  the 
presence  of  bulk  cobalt  oxide  appears  in  the  x-ray  diffraction  pattern.  This  is 
in  contrast  to  the  usual  method  of  preparation,  i.e.  incipient  wetness,  in  which 
the  cobalt  oxide  is  dispersed  as  a  second  phase  on  the  Zr02. 
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Dr.  J.  Coopo r 
Co  6*  *U0 

Naval  brtfartn  laboratory 

Ma»bl"9tQ".  O.C.  251 7  5- WOO 

Dr.  H.  C.  latrd 
Dtpirtn*(  of  CVnlnry 
Ouoon't  u<iiv*r*ity 
KlApftOfl,  C IM« 

C7L  )"* 

Or.  ».  *.  tie**!" 

0*O*rt-»fit  of  Chf^lpcry 
lotto"  Unlvrrtlty 
MS  C<pwo"«o«lt**  *«r*wo 
lotto".  Hattacbvtattt  0721S 

Or.  R.  Clt«"*#ro 
D*partr»"t  Of  Crf"l*try 
U"l««rt*ty  Of  •oc*,*tt*r 
Roc "at tar,  *e*  Tort  1**27 

,  Or.  All"  *.  Collar 
.*>  C*0*rtnr"t  of  Cbynltfry 
>  ft-<M*l*rr  »<5>*?»t*"«4c  l"ttttyl* 
Troy,  IT  12  ISO- JS>0 


Or.  1.  Tttto 
C»Vfn*t  o'  CNNMatry 
Clime"  CoHr*:» 
l«:t(M.  »«  for*  13*7* 

Or.  t.  *.  "xg*"* 
baifrtjlt  Sc  <r"f#  ml 

Slirfjrfl  '.,n.#r*«*y 
S ti"*orO.  California  U)01 

Or.  Carlo  MoHanf 
RWnlt  #t  -"ilvdowo 
(j"i*rrt*ft  co  Lutiwio 
lll<i  oo  C'ltoty  ) 
imiim*.  Sr»  tsar  land 

Or.  Ml  loo  f  o*»"0t 
lfQj»V**l  0*  C'witlr* 

Cato  "OtT*ro  loi.mlty 

CU»o>o"«.  C-1  *410* 

Or.  R  Jo"*  Caooor 

o*  C»a«»ttry 
k'"»«ort'tp  of  Atttttaurqo 
litttivoi*.  *k  15760 

Or.  S.  9.  Mjrlr* 

0*s«fro*t  o'  OroMtry 

**4"  -"'.-rn.ty 
AwP«ro,  U«MM  JU10 

t  Or.  *bonat  J.  "r*or 

D*r*r-r-r-c  o'  C'romry 
>  L"*»Ort«‘.*  of  *Ttt  Crill** 

Oaaol  i*‘H.  tC  27S1* 

J  5r.  T»  li'l 

~Y  TVaarv*"!  o'  7*a«rlitry 
V«t*o^t**«  o'  Cali'ir-i# 

Lot  l*9fiit,  California  IC02I 
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a8Stb>cts  o:srg;*jTtcg  usr.  r*;/*?^'*?* 


Or.  6.  A.  Samaria! 

Oooartno"t  of  C^mlttry 
imivortlty  of  Cal  if oro ta 
lorto loy.  CAllforola  94770 

Or.  J.  Purity 

Mill  Aotoarcn  Laboratory 

Co*o  *170 

waiaiogtao,  O.C.  7017S-SOOO 
Or.  1.  r.  R#r«a 

Cloctofcal  ("ft"tori"y  Oooarowot 

Miiiritu  «f  *i""o»ata 
Nlnnoapol't.  HIMiatOta  SS*S» 

Or.  Roll*  b.  Jo""too 
Oo«artr»*t  »t  botaUuryy  m4 
•Mt#r*a'l  SeiOKf 

TitiiCuiiMt  Mititvta  of  TfCMolomr 
Caobrio^,  MiucMiitti  07111 

Or.  S.  Slb*"#r 
Dooaroroat  *f  C"r*»utry 
Ja«t»  f'l'd  iMIlivu 
5**0  (lilt  **T"«t 
CAicifo.  Ill  molt  *01)7 

Or.  Arot*  Crr#o 

IwitK*  Sirfaco  Oyoamltt  MaH* 

CcAo  1117 

taral  roaoo" t  Co»t#r 
(M«i  L«a«.  California  Dill 

Or.  A.  vpltf 

Co»#rtro*»  iKtattitn 
|r»vO»l*"1'N 
^_»r«.iao-<0.  **04#  Itlaao  07117 

V.  S.  1.  tar-tar* 

>:i»t^"t  a'  t*r— tttry 
*'•*«“»  -r*r#ra«t*  m 

»n«car<!".  i*»  .im»i  cum 

tr.  «  *:M 

'•r «»•-»- 1  a*  »siifa 

•'  f."*’— !<«  0<.« 

•  a  .a.  to.  .ii  >7*ji 


Or.  1.  (ctMdtl 

Caoart"o"t  of  ?*»tla 
Nun  Miimaiti 
lloomtu'ton,  IrltWM  *7*01 

Or.  «.  C.  Ja"4a 
Urirartity  of  a«ttS9orO 
Cl**Utfl  lift 
llttiburf .  n  1S790 

Or.  7.  A.  froto 
Otoartmaflt  of  cr-oiftry 
Ualrortity  of  tiTT"  Carolina 
Cliaool  11*11,  Aortn  Carolina  77SU 

Or.  Mia  Hillir 

loll  LaP«ratar<(i 

birray  mil.  "a *  Jtrtty  0717« 

Or.  nartt*  ftiiicmm 

Oaaartront  of  C**n»ttrr 
Oni»*raitr  of  Srjt"ao»too 
Sa»t-:-oio"  SCI  l« 
ubino  cigcooi 

Or.  M.  TkMiin 

(Mlltry  Orsirwl 
JaeMon  scat*  iturnitr 
•«»»*•.  K'HIU'JII  11717 

Or.  John  M .  nlta<«« 

C«r-aii  v"<«rmr* 

Laoorarorv  a*  l;rt  an# 

Sail*  S»ata  ;*o'a 
loito.  In  for*  ;MSJ 

Or.  *on*t4  it* 

•SOI 

t|*#l  Syr  fata  OiWH  C**»aa 
•■**#  Oat 

SH**r  Spriag.  n#ryl#-4  70*'.0 
>  **barf 

a*  •mttry 

,r»l  *»*•'*  !^*'**t* 

"13  IH'l  *.-» 

:*'t4*o.  ;•  ••?■*  ':t>7 


Or.  F.  Cartar 
Cod*  *173 

bar* »  a*taa»xn  Laboratorr 
Uatntnyton.  O.C.  71)75-5000 

Or.  Richard  Col  to" 

Cod*  *\70 

bat# »  »M**rcb  Laboratory 
VatMn^tO",  O.C.  23175-5000 

Or.  0*"  Rirrc* 
b*t*o"#l  Bur***  «f  Standard* 
Optica!  Flatlet  0l*«t1Oo 
M4**»«gto*.  O.C.  7121* 

Or.  t.  6.  da!tlt 
Oapartront  of  f"ytlc* 

Untvort'ty  Of  Cal  •ft'"** 
inrf"*,  CaUfoml*  W**4 

Of.  0.  *»na**r 
Cbmut'y  Oaparr-»"t 

Oaorga  ottM-gto"  u»«»arg  »ty 

Watbi"*to",  O.C.  7CCS2 

Or.  1.  C.  t*m«»t"oar 
C"a«*itry  0»oa',ra"t 
V"lt*rt''»  O'  Call'Of"!* 

Irtir*.  :#M'of"l»  l’7H 

Or.  T.  F.  Caorn# 

[►•ntttr*  C»Oir**««t 
i."»»a»ii:*  o'  *"t "attar 
*oc"att*'.  ban  '*'•  IM27 

C».  S.  »wbl*ff 
ISb 

n-rrtat  J  «atto"  •mi'ti  Critr 
a  1  *4.  :,s 

'ortrev"  -aigMl,  »»'*  1C510 


Or.  Job"  T.  'atft 
Dcoartront  Of  C*a"tttr» 

Unwartitr  Of  *«ttt?gr*> 

lltttburg",  P*""tyl«a"«a  152*0 

Or.  *.  5ta"ia«  Ulll'mi 
C«**rf»"t  of  C*anitt-» 

Um»art»t»  of  Cali'or*'# 

Lot  A"dr*«*»  California  9002* 

Or.  i.  P.  »»im*r 

"atarlalt  £K«r.c»f rUlt*""  Lab. 

C«*fral  Urctne  <J'oa** 

S(«tnctil|,  tan  fort  77217 

Or.  J.  T.  (altar 
Oapart-ant  O'  C*0"tttry 
Uni*artity  of  HcmrN 
•  fcMon*.  Virginia  7)171 

Or.  *.  w .  IWr 

Orpartnant  of  ’•>»l't| 

U"l>«rt<fv  of  a*-nt?N*«l* 

fMIllflpItl,  Fo""tfl«4"»*  19104 

Or.  C.  Tra  *ar 
Oaoart-VM  o*  C*mltt»* 

Cat#  "rttaro  «»t*r*a  viaarolty 
(!•*•» a"0.  CM*  *113* 

Or  b.  M!"0*rt4 

r*Of rt*ant  o'  C'a-ltt'r 

Imtlrl.mu  fit* 

U"i«ariitp  fan.  IU07 


Cfoar '■>«»  "«  c*»«*«tro 
Cr*r'i  ••»•»»«!* 
iPaci.  Vi  fjri  1»'11 


a 

ut  **g*'at.  :*  »xr* 


Copy  n'.'.'ip  tl'V  to  DT’C  "r'' 

p'liwal  l.J.j  j .  j- ijie  itpit.-tiU4.uw— 


'.vvy.v.'.'.s' 


/=i[n\ed 

f£B.  /W 
TfTlC- 


